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Abstract

We report on 2 cousins, a girl and a boy, born to first-cousin
Lebanese parents with Hamamy syndrome, exhibiting de-
velopmental delay, intellectual disability, severe telecan-
thus, abnormal ears, dentinogenesis imperfecta, and bone
fragility. Whole-exome sequencing studies performed on
the 2 affected individuals and one obligate carrier revealed
the presence of a homozygous ¢.503G>A (p.Arg168His) mis-
sense mutation in IRX5 in both sibs, not reported in any oth-
er family. Review of the literature and differential diagnoses
are discussed. ©2021 S. Karger AG, Basel

Introduction

Neural crest cells (NCCs), a transitory population of
multipotent stem cells that arise in the embryonic ecto-
derm germ layer, are responsible for the development of
a variety of tissues, ranging from neurons, glia and mela-

nocytes to craniofacial bone, cartilage and connective tis-
sue [Graham, 2003; Watt and Trainor, 2014]. Defects in
the migration or differentiation of NCCs result in a broad
spectrum of congenital malformations collectively known
as neurocristopathies [Vega-Lopez et al., 2018]. Bonnard
et al. [2012] studied the functional effect of mutations in
IRX5, which modulates the migration of NCCs by re-
pressing the chemokine SDF1, and found it to be associ-
ated with Hamamy syndrome.

Hamamy syndrome, initially described in 2 Jordanian
siblings by Hamamy et al. [2007], is a rare autosomal re-
cessive congenital malformation affecting the develop-
ment of the face, brain, blood, heart, bones, and gonads.
The Jordanian brothers exhibited striking telecanthus,
midface prominence, brachycephaly, and abnormal ears,
resulting in a distinct appearance. Intellectual disability,
myopia, sensorineural deafness, cryptorchidism, osteo-
penia, and recurrent fractures were also noted. Since
then, only 3 other families have been reported with this
condition (Table 1).

Here, we report a multiply consanguineous Lebanese
family where 2 cousins presented with Hamamy syn-
drome. Review of the literature and differential diagnoses
are discussed.
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Fig. 1. Pedigree of the studied family. Affected individuals are shaded in black. Whole-exome sequencing was
performed on the individual shown in red as well as the 2 affected individuals.

Materials and Methods

Patients

The patients, a girl and a boy, are cousins from a multiply con-
sanguineous Lebanese family (Fig. 1). Each underwent a work-up
including a thorough clinical evaluation, total body X-rays, echocar-
diography, karyotyping, and routine blood tests (complete blood
count, serum electrolytes, blood glucose levels, cholesterol, thyroid,
liver and renal function tests, and phosphatase alkaline levels).

Molecular Analysis

DNA Isolation

Genomic DNA was isolated from patient blood samples using
standard techniques.

Genome-Wide Microarray CGH Analysis

Genomic DNA from the affected boy was amplified and puri-
fied. Following denaturation of probe, DNA, hybridization was
carried out with the Affymetrix Cytogenetics Whole-Genome 2.7
M Array following the manufacturers' standard protocol. Data was
collected using GeneChip® Scanner 3000 7 G, and CEL files were
analyzed using Affymetrix Chromosome Analysis Suite software
(ChASv.1.0.1).

New IRX5 Mutation in Hamamy
Syndrome

Whole-Exome Sequencing

Whole-exome sequencing (WES) was carried out on 3 indi-
viduals: the 2 affected individuals (IV.6 and V.2) and the unaf-
fected mother IV.1 (Fig. 1). Library preparation, capture, and se-
quencing were performed on a private sequencing platform (Inte-
gragen Genomics, Evry, France). Briefly, exomes were captured
and enriched using the in solution Agilent SureSelect Human All
Exon kit v3.0 [Sulonen et al., 2011] and then sequenced on an Il-
lumina HiSeq2000, using a paired-end 100-bp read sequencing
protocol. Image analysis and base calling were performed using the
Mlumina Data Analysis Pipeline Software 1.5 with default param-
eters. Raw data were mapped to the current built of the human
genome (hg19) by using BWA 0.75 [Li and Durbin, 2009]. Variant
calling was subsequently performed using GATK 2.5.2 [McKenna
etal., 2010], and annotation was done with ANNOVAR [Wang et
al,, 2010].

Variant sorting and filtering was performed using VarAFT
(Variant Annotation and Filter tool), a variant filtering and pri-
oritization tool allowing easy and fast selection and segregation of
variants from exome or genome data [Desvignes et al., 2018]. Con-
sidering autosomal recessive inheritance and the presence of con-
sanguinity in the family, we have segregated the variants from
exome data following a homozygous by descent model. More pre-
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Fig. 2. Images highlighting the facial fea-
tures of patient 1 (a) and patient 2 (b),
along with computed tomography 3D re-
constructions of patient 2 (c, d).

cisely, we have selected homozygous variants shared by the 2 pa-
tients (IV.6 and V.2), which were heterozygous in the obligate car-
rier mother (IV.1). In order to refine the list of candidate nucleo-
tide variations, filtering was performed by removing all variants
with allele frequencies >1% in the gnomAD database (https://gno-
mad.broadinstitute.org/). Additional filtering was also performed
using our in-house exome database which includes all homozy-
gous variants detected by exome sequencing of 14 Lebanese unaf-
fected individuals.

In order to predict the deleterious effect of the identified se-
quence variations, different bioinformatics tools were applied:
MutationTaster [Schwarz et al., 2014], SIFT [Kumar et al., 2009],
PolyPhen-2 [Adzhubei et al., 2010], UMDpredictor [Salgado et al.,
2016], and CADD [Rentzsch et al., 2019].
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Results

Clinical Report

Patient 1

Patient 1 (IV.6, Fig. 1), a girl, was born at term. Her
birth weight was 3,000 g (30th centile), and length 51 cm
(83rd centile). Dysmorphic facial features consisting of a
flat forehead, sparse hair and eyebrows, and widely
spaced eyes were noted at birth, according to her medical
history. From the age of 3 months, recurrent fractures of
the femurs started occurring after minor trauma, for
which she was operated. Her developmental milestones
were delayed, as she walked at 2 and started to say a few
words at around the age of 5 years. She was also diag-

Mégarbané et al.



Fig. 3. Images displaying the dental fea-
tures of patient 1 (a), a panoramic X-ray of
patient 1 (b), and the dental features of pa-
tient 2 (c).

nosed with a diminished audition that was not further
investigated.

We saw her when she was 12 years old. She had severe
intellectual disability. Her height was 143 cm (15th centile),
weight 44 kg (66th centile), and her head circumference
(OFC) was 56 cm (95th centile). She had a flat forehead,
sparse eyebrows and eyelashes, a broad nasal bridge, a tele-
canthus with palpebral fissures of 2.8 cm (Z-score = —1.28),
inner canthal distance of 4.5 cm (Z-score = 1.88), outer can-
thal distance 0f 10.1 cm (Z-score = 0), an interpupillary dis-
tance of 7 cm (Z-score = 1.88), dysplastic, low-set ears, flat
philtrum, thick lips, and a large mouth (Fig. 2a). Clinical
oral examination revealed that all teeth in both dentitions
were affected with generalized opalescent tooth discolor-
ation (yellow-brown translucent), enamel frequently sepa-
rates easily from dentin and wear of enamel that was flushed
with the level of the gingiva (Fig. 3a). Radiographic exami-
nation based on a panoramic X-ray (Fig. 3b) showed bul-
bous crowns with cervical constriction, long tapered roots,
and progressive obliteration of the pulp chamber.

External genitalia, ophthalmological, neurological and
heart examinations, as well as abdominal and heart ultra-
sound findings and electrocardiogram results, were unre-
markable.

New IRX5 Mutation in Hamamy
Syndrome

Patient 2

Patient 2 (V.2, Fig. 1), a boy, was born at term by a C-
section after a normal pregnancy. Birth weight was 3,800
g (81st centile), length 52 cm (86th centile), and OFC was
37 cm (97th centile). Severe telecanthus was noted at birth
and a spontaneous fracture of the left femur diagnosed at
one week.

When he was brought to us for consultation, he was 45
days old. His length was 57 cm (57th centile), weight
5,100 g (55th centile), and his OFC 39 cm (70th centile).
His facial features included a flat receding forehead, wide-
ly spaced eyes, short palpebral fissures, nearly absent eye-
brows, low-set ears, an abnormal left ear, lateral place-
ment of the inner canthus, and cryptorchid testes. His
skin was normal, not exhibiting any scars or hyperelastic-
ity (Fig. 2b). Neurological examination, audiometry, and
echocardiography were normal. Total body X-rays
showed nothing abnormal except for a bent left femur
with the presence of a fracture line.

He was able to sit unassisted by the age of 8 months
and began walking at around 15 months. Subsequently,
between the ages of 15 months and 2 years, he had 3 epi-
sodes of left femur fracture that were treated the first 2
times by a cast and the third time by surgery. During this
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operation, a bone biopsy was performed and results of the
histology showed the presence of dystrophic remodeling
of the bones which suggested a diagnosis of osteogenesis
imperfecta. Bilateral dysfunction of the nasolacrimal
structures was also noted and treated by nasolacrimal
probing twice, but without success.

Computed tomography images performed at age 18
months displayed craniofacial disproportion and dys-
morphic appearance of the ear lobes, but did not find a
significant increase in the distance between the medial
orbital walls. Axial cuts showed a mega cisterna magna
with normal appearance of the globes and orbital content
(Fig. 2¢, d).

By the age of 2, his developmental delay had become
more evident. His height was 97 cm (99th centile), weight
12 kg (45th centile), and his OFC was 51 cm (97th cen-
tile). He could say a few words and understand simple
orders. He had a bilateral inguinal hernia for which he
had been operated. The general aspect was unchanged.

Telecanthus was striking with palpebral fissures of 2.6
cm (Z-score = 1.65), inner canthal distance of 4.3 cm (Z-
score = 1.88), and outer canthal distance of 9.9 cm (Z-
score = 1.88). His hair, eyelashes and eyebrows were
sparse; the nasal bridge broad; the philtrum flat; the upper
lip thin; the lower lip everted, and the mouth large. There
was a generalized opalescent tooth discoloration (blue-
gray translucent). Teeth were also weaker than normal,
making them prone to rapid wear, breakage, and loss,
with abrasion and some coronal fracture (Fig. 3¢). Radio-
graphic examination based on an occlusal X-ray showed
large pulp chambers in the primary dentition. The clinical
and radiographic findings sustained a diagnosis of den-
tinogenesis imperfecta. Shoulders were narrow and slop-
ing. Ophthalmological examination showed the presence
of astigmatism. Heart ultrasound and electrocardiogram
tests were normal.

A few months later, he suffered a hairline fracture in
right femur. X-ray showed bone bowing in the right leg.
A second bone biopsy from the crest and fractured area
showed no evidence of osteogenesis imperfecta.

Clinical examination of the parents was normal except
that the father of patient 2 had a mild telecanthus with
palpebral fissures of 3.5 cm and inner canthal distance of
3.8 cm.

Laboratory Studies

Results of complete blood counts, serum electrolytes,
blood glucose levels, triglycerides, cholesterol, amino acid
studies of plasma and urine, urinary screening for organ-
ic acids, urinalysis, thyroid, liver (alkaline phosphatase,
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alanine transaminase, aspartate aminotransferase, and
gamma-glutamyl transpeptidase) and renal function
(urea, creatinine and albumin), CPK, Ca, P, were all un-
remarkable in both cousins. Alkaline phosphatase was
slightly elevated in patient 2. Lymphocytic chromosome
study with high resolution in R-banding showed a normal
46,XX karyotype for patient 1 (IV.6), and a normal 46,XY
for patient 2 (V.2).

Molecular Studies

Array-CGH analysis for submicroscopic deletions/du-
plications performed in patient 2 revealed no causal
CNVs.

Considering autosomal recessive transmission and the
fact that the patients are issued from consanguineous
marriages, we analyzed the WES data, assuming identity
by descent in the affected individuals. More precisely, we
selected variants, which were homozygous in both affect-
ed individuals (IV.6 and V.2), and heterozygous in the
obligate carrier mother (IV.1). By using this strategy, we
first identified 873 variants, of which 120 had a frequency
>1% in gnomAD. Further filtering on a local Lebanese
database allowed to narrow the number of candidate vari-
ants to 78. By focusing on variants located in exonic or
splice-site regions, we finally ended up with a list of 4
new or excessively rare missense variants: ¢.503G>A
(p-Argl68His) in IRX5 exon 2 (NM_005853), c.1832C>G
(p.Thr611Ser) in RFWD3 exon 11 (NM_018124),
c.1390G>A  (p.Gly464Arg) in SLC27A3 exon 5
(NM_024330), and c.560A>G (p.His187Arg) in ECMI
exon 6 (NM_004425). Interestingly, the mutated genes
are located in 2 different homozygous by descent regions:
IRX5 and RFWD3 at chromosome 16q12q23, and ECM1
and SLC27A3 at chromosome 1q21.3. In each region, 2
rare and new variants are in linkage disequilibrium.

The variants identified in ECM1 were eliminated by
segregation studies. The remaining variants in RFWD3
and SLC27A3 were not considered causal as mutations in
the former are associated with Fanconi Anemia, which do
not match our patients’ phenotype, while SLC27A3 is not
associated with any disorder. The fourth mutation,
c.503G>A (p.Argl68His) in IRX5, (Fig. 4a), was not
found in dbSNP or the genome Aggregation Database
(gnomAD). Analysis of the variant using pathogenicity
prediction tools suggested a damaging effect; it was pre-
dicted to be “disease causing” by MutationTaster (score =
29) and “deleterious” by CADD (score = 33). Further-
more, the arginine residue affected by this variant is ex-
tremely well conserved among species and among the
IRX protein family (Fig. 4b). Most importantly, as 2 mu-
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Affected patient (homozygous)

Ala Asn Ala His Arg Arg Leu
GCCAACGCGCACCGGCGCCTC

Homo sapiens
Mus musculus
Rattus nor.
Canis fam.

Pan troglodytes

¢.503G>A (p.Arg168His)

215
214
214
173
215

'RRLKKENKMTWTPRNRSEDEEEEENIDLEKNDEDEPQKPEDKGDPEG
ARRLKKENKMTWTPRNRSEDEEEEENIDLEKNDEDEPQKPEDKGDLEG
TLTQVSTWFANARRRLKKENKMTWTPRNRSEDEEEEENIDLEKNDEDEPQKPEDKGDLEG
TLTQVSTWFANARRRLKKENKMTWTPRNRSEDEEEEENIDLEKNDEDEPQKPEGKGDSEG
TLTQVSTWFANARRRLKKENKMTWTPRNRSEDEEEEENIDLEKNDEDEPQKPEDKGDPEG

A
TLTQVSTWFANA]
TLTQVSTWFANA]

156
156
156
156
156

GCCAACGCGCGCCGGCGCCTC
€.503G>A

€.503G>A Oryctolagus cun 156  TLTQVSTWFANARRRLKKENKMTWTPRNRSEDEEEEENIDLEKNDEDEPQKAEDKGDPEG 123
Gallus gallus 156 TLTQVST-----B-———==————=====— CEDEEEEENIDLEKNDEDEPQKPEEKGDPVS 193
Danio Rerio 156 TLTQVSTWFANARRRLKKENKMTWTPRNRSEDEEEDENIDLEKNDDDEPNKPTDKGDSTD 213
C. Elegans 156 TLTQVSTWFANARRRLKKENKMTWS PQNRRGDGCDDDE~-~--DDDDDDMNRPSSSTSINS 213
c.5036>A&:.Arg168His)
IRX1 149 HRKNPYPTKGEKIMLAIITKMTLTQVSTWFANARRRLKKENKVTWGARSKDQEDGALFGS 208
IRX2 136 HRKNPYPTKGEKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWAPRNKSEDEDEDEGD 195
IRX3 149 HRKNPYPTKGEKIMLAI ITKMTLTQVSTWFANARRRLKKENKMTWAPRSRTDEEGNAYGS 208
IRX4 164 HRKNPYPTKGEKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWPPRNKCADEKRPYAE 223
IRX5 135 HRKNPYPTKGEKIMLAIITKMTLTQVS TWFANARRRLKKENKMTWT PRNRSEDEEEEENT 194
Heterozygous carrier b 1rxs 168 HRKNPYPTKGEKIMLAIITKMTLTQVSTWFANARRRLKKENKMTWAPKNKGGEERKAE-~ 225
Ala Asn Ala__ Arg/His _ Arg Arg Leu
GCCAACGCGCNCCGGCGCCTC
€.503G>A
AA 1 117 174 327 344 483
Control
Ala_ _Asn Ala Arg Arg Arg Leu

Helix1

pAalsoroI
pAsnlSGLysI
p.Arg168His-

HeI|x3

Helix2

Fig. 4. Mutation identification. a Chromatograms of one patient,
the heterozygous mother and a control showing the homozygous
c.503G>A (p.Argl68His) mutation identified in exon 2 of IRX5
(NM_005853). b Alignment of IRX5 amino acid sequences be-
tween different species (top) and between all members of the Iro-
quois protein family using CLUSTAL 2.1. The Arginine at position
168, mutated in our patients, is highlighted in red. It is highly con-
served across vertebrates and in the different members of the Iro-

tations in JRX5 had been previously described in Hama-
my syndrome (MIM 611174), the p.(Argl68His) IRX5
missense variant was considered the causative mutation
in the 2 patients described here.

Discussion

We report here on 2 patients with Hamamy syndrome
from a multiply consanguineous Lebanese family exhibit-
ing developmental delay, intellectual disability, severe
telecanthus, abnormal ears, dentinogenesis imperfecta,

New IRX5 Mutation in Hamamy
Syndrome

quois family. ¢ Schematic representation of the 483 amino acid
IRX5 protein (NP_005844) showing the 2 conserved regions: a ho-
meodomain (Homeo) and an Iro box (Ibo). We show the position
of the 3 mutations described to date in IRX5 (including ours) in
the homeodomain. The 2 mutations previously reported by Bon-
nard et al. [2012] are indicated in black, while the new variant that
we describe in this study is indicated in green.

and bone fragility. This syndrome has so far been identi-
fied in 4 other families (Table 1) [Hamamy et al., 2007;
Bonnard et al., 2012; Roukoz et al., 2019; Duman et al.,,
2020].

One striking feature is the severe telecanthus. The lat-
ter is a rather frequently reported feature in several dys-
morphological syndromes [Dollfus and Verloes, 2004].
These include different chromosomal syndromes and
also mendelian syndromes such as frontonasal dysplasia
(OMIM 136760), craniofrontonasal syndrome (OMIM
304110), Waardenburg syndrome (193500), Branchiooc-
ulofacial syndrome (OMIM 113620), Nablus mask-like
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facial syndrome (608156), Opitz-GBBB syndrome
(OMIM 300000), and Aarskog syndrome (OMIM
305400). In Hamamy syndrome patients, along with se-
vere telecanthus, the overall phenotype of a prominent
midface, sparse eyebrows, a broad nasal bridge, and ab-
normal/protruding ears results in a distinct characteristic
appearance. The craniofacial features seen in our patients
share striking similarities to the families reported in
Hamamy etal. [2007] and Bonnard etal. [2012] (Table 1).
Apart from the features mentioned above, patients from
these 3 families all presented with a smooth philtrum, a
large mouth, and abnormal nasolacrimal ducts.

Intellectual disability and developmental delay ob-
served in earlier cases are also noted in our patients. The
skeletal findings in the affected families also follow a sim-
ilar pattern; recurrent long bone fractures, pterygium col-
li, and osteopenia are seen in all reported patients. This is
in line with recent findings that IRX5, the gene associated
with Hamamy syndrome, plays a role in promoting osteo-
genesis and maintaining skeletal homeostasis, by regulat-
ing the transition of hypertrophic chondrocytes to osteo-
blasts [Tan et al., 2020]. Further, the genitourinary mani-
festations of Hamamy syndrome appear to be consistent
in the reported families; all male patients exhibit inguinal
hernias and cryptorchidism. Ocular anomalies are also
observed in patients, although while families 1 and 2 pri-
marily reported myopia, our patients had astigmatism as
well as blepharophimosis. Interestingly, the dental find-
ings of Hamamy patients share striking similarities, with
all affected individuals reporting severe enamel hypopla-
sia, worn-out teeth, and grayish discoloration. This is also
true for family 3, for whom no other information has been
reported [Guler and Keskin, 2014; Duman et al., 2020].

However, phenotypic differences were seen in the car-
diovascular features of Hamamy patients. While families
1 and 2 reported intraventricular conduction delays, our
patients did not display any cardiac anomalies. This is
particularly intriguing as IRX5 has recently been identi-
fied as a regulator of human ventricular depolarization
and cardiac electrical conduction [Al Sayed et al., 2021].
The lack of cardiovascular abnormalities in our patients
is thus an important finding as it represents an expansion
of the Hamamy phenotype, wherein affected individuals
do not necessarily exhibit conduction defects.

In Hamamy patients where a molecular diagnosis was
reported, mutations in JRX5 were found to be the causal
variants. IRX5 is a 3,621-bp long gene located in the long
arm of chromosome 16. It encodes a transcription factor
that plays a key role in embryonic morphogenesis, par-
ticularly in craniofacial and gonadal development, by reg-

New IRX5 Mutation in Hamamy
Syndrome

ulating the migration of progenitor cell populations
through chemokine signaling molecules [Bonnard et al.,
2012]. In mice, Irx5 is responsible for establishing the car-
diac ventricular repolarization gradient by repressing the
Kcnd2 gene encoding the voltage-gated potassium chan-
nel [Costantini et al., 2005]. It has also been shown to
regulate the mineralization of specific cranial bones [Cain
et al., 2016] and the development of cone bipolar cells in
the retina [Cheng et al., 2005].

IRX5 belongs to the Iroquois homeobox family of
genes, and similar to other members of the IRX family, it
consists of 2 conserved regions: a homeobox domain and
an IRO box motif. The DNA-binding homeobox domain
belongs to the TALE (three-amino acid-loop extension)
superclass of homeodomains, which feature additional 3
amino acids between the first and second helix of 3 alpha
helices [Biirglin, 1997; Cavodeassi et al., 2001]. The IRX5
mutations that have been reported thus far in Hamamy
patients all fall within the helices of this domain; p.(Ala-
150Pro) is located in helix 2, while p.(Asn166Lys) lies in
helix 3. When studied by Bonnard et al. [2012] using
mouse Irx5 expression constructs and a rat Kcnd2 pro-
moter reporter, these 2 missense variants failed to trans-
activate Kcnd2. They were noted to act as hypomorphic
alleles due to their altered protein stability and DNA
binding ability. The p.(Argl68His) variant reported in
our study also lies in helix 3 of the homeodomain, the rec-
ognition helix for specific DNA binding. Arginine 168 sits
next to the p.(Asnl66Lys) described by Bonnard et al.
[2012] and affects a highly conserved residue (Fig. 4b, c).
The Asparagine at position 166 and the Arginine at posi-
tion 168 are strictly conserved across species in all home-
odomains. The latter, mutated in our patients, makes di-
rect hydrogen bonds with DNA backbones from 2 non-
specific nucleotides at the 5’ flanking region of the
promoter recognition sequence and is evolutionarily
conserved to ensure the correct positioning of the recog-
nition helix [Chi, 2005]. Similarly to the p.(Asn166Lys)
mutation, the variant reported here is thus expected to
behave in a similar manner, affecting DNA binding and
causing a partial loss of function of the IRX5 gene.

In conclusion, we report here a fourth family with
Hamamy syndrome associated with a mutation in IRX5.
Given the presence of typical Hamamy features such as
developmental delay, intellectual disability, severe tele-
canthus, abnormal ears, dentinogenesis imperfecta, and
bone fragility in the 2 patients here, and the absence of
other previously described features like the cardiac phe-
notype, this report helps further define the spectrum of
the Hamamy phenotype.
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